We study the perspectives of resonant and nonresonant charmed meson production inp + A reactions within the Multiple Scattering Monte Carlo (MSMC) approach. We calculate the production of the resonances Ψ 
Introduction
In the last decade the dynamics of charm quark degrees of freedom have gained sizeable interest especially in the context of a phase transition to the quark-gluon plasma (QGP) where charmed meson states should no longer be formed due to color screening [1, 2, 3, 4, 5] . However, the suppression of the cc vector mesons in the high density phase of nucleus-nucleus collisions might also be attributed to inelastic comover scattering (cf. [6, 7, 8, 9] and Refs. therein) if the corresponding charmonium-hadron cross sections are in the order of a few mb [10, 11] . Also the J/Ψ N cross section is not known sufficiently well [12] since the photoproduction data suggest a value of 3-4 mb [13] , while the charmonium absorption on nucleons (at high relative momentum) in p + A and A + A reactions is conventionally fitted by 6-7 mb [9, 14] which might relate to the cross section of a pre-resonance charmonium state with nucleons before the actual hadronic state is formed. Present estimates for the J/Ψ formation times range from 0.3 -0.5 fm/c [13] , but additional data fromp induced reactions on nuclei, where charmonium can be formed on resonance with moderate momenta relative to the target nucleons, should help to pin down the present uncertainties [15] . Such studies might be performed experimentally at the HESR, which is presently proposed as a future facility at GSI [16] .
In a previous study we have explored the perspectives of charmed meson -nucleon scattering in thepd reaction [17] where the charmonium is produced on resonance with the proton in the deuteron and may scatter with the spectator neutron. Another possibility is also the reaction π + d → J/ψpp as discussed by Brodsky and Miller in Ref. [18] . Here we investigatepA reactions and study the production of the resonances Ψ (3770), Ψ (4040) and Ψ (4160) in various nuclei, their propagation and decay to D,D, D * ,D * , D s ,D s in the medium and vacuum, respectively. Furthermore, the elastic and inelastic interactions of the open charm mesons in the medium are followed up in the Multiple Scattering Monte Carlo (MSMC) approach to study the dominant medium effects as a function of the target mass A.
Our work is organized as follows: In Section 2 we will briefly describe the MSMC approach and evaluate the formation cross sections for the resonances Ψ (3770), Ψ (4040) and Ψ (4160) on protons and nuclei. The fractional decay of these resonances to open charm mesons in the medium and vacuum, respectively, is calculated in Section 3 whereas the dynamics of the open charm mesons is described and studied in Section 4. Section 5 concludes this paper with a summary and discussion of open problems.
Resonance production and decay inpp andpA reactions
We here examine the possibility to measure the in-medium life time (or total width) of the resonances V = (Ψ (3770), Ψ (4040) Ψ (4160)) produced inpA reactions. Before doing so one has to determine first the resonance properties in vacuum, i.e. their production inpp reactions. To this aim we describe the vector meson spectral function by a Breit-Wigner distribution
where M V denotes the vacuum pole mass, ℜΠ V is the vector meson self energy in the medium -which vanished in the vacuum -and N V ∼ 1/π (for small width Γ tot ) is a normalization factor that ensures dM 2 A(M 2 ) = 1. The total width Γ tot is separated into vacuum and medium contributions as
where
with Γ c (M ) denoting the partial width to the decay channels
s , respectively. The in-medium collisional width is determined from the imaginary part of the forward vector-meson nucleon scattering amplitude as
where ρ A denotes the nuclear density. Furthermore, ℑf V (0) is determined via the optical theorem by the total vector-meson nucleon cross section σ V N that will be specified below. The real part of the vector meson self energy ℜΠ V (M ) in the medium might be calculated by dispersion relations, however, QCD sum rules for cc vector states suggest that the 'mass shift' ℜΠ/(2M V ) at normal nuclear matter density is only in the order of a few MeV [19] due to a small coupling of the c,c quarks to the nuclear medium. We thus will assume ℜΠ V = 0 throughout the following study.
Vacuum properties
Whereas the pole masses of the vector mesons M V are approximately known e.g. from e + e − annihilation [20] this does not hold for the total widths and especially branching ratios. To this end we have to model the vacuum decays, that enter the spectral function (1) via (3), using available information from the PDG [21] . In each channel c the relative decay to mesons m 1 and m 2 is described by a matrix element (squared) and phase space, i.e.
where p c is the meson momentum in the rest frame of the resonance. In case of the Ψ (3770) only the lowest channel to DD contributes such that the matrix element in (5) can be fixed by the total width at half maximum which we take as Γ F W HM = 25 MeV [21] . For the Ψ (4040) and Ψ (4160) we adopt Γ F W HM = 50 MeV and Γ F W HM = 80 MeV, respectively [21] . The branching ratios for the Ψ (4040) show a strong anomaly favoring the decays to channels with vector mesons D * . The PDG [21] quotes Γ (D 0D0 )/Γ (D * 0D0 + c.c.) = 0.05 ± 0.03 and Γ (D * 0D * 0 )/Γ (D * 0D0 + c.c.) = 32 ± 12, where the phase space factor ∼ p 3 c already has been divided out. The origin for such a large variation in the matrix elements is not known so far. We use the actual numbers (within the range of uncertainty)
that provide a reasonable description to the e + e − formation data from Ref. [20] . The resulting spectral function S(M ) = 2M A(M ) for the Ψ (4040) (with a pole mass of 4.08 GeV) is shown in Fig. 1 (upper part) in terms of the thick solid line as well as the mass dependent branching ratios for the different channels c (including the phase-space factor ∼ p 3 c ). It is clearly seen that for the ratios (6) the D * D * decay opens up at M ≈ 4.03 GeV and dominates the spectral function for higher masses. Furthermore, the decays to D s , D * s are strongly suppressed such that this resonance does not qualify for the production of (sc) or (cs) mesons.
Apart from the total width of 80 ±25 MeV the properties of the Ψ (4160) are not well known experimentally. For the decay channels we thus adopt a 'counting rule' for high energy open charm production that results from PYTHIA calculations (cf. Fig. 1 in Ref. [22] ), i.e.
This is presently nothing but an educated guess (at low energies) and must be controlled by future data. The resulting spectral function S(M ) = 2M A(M ) for the Ψ (4160) is shown in Fig. 1 (lower part) in terms of the thick solid line as well as the mass dependent branching ratios for the different channels c. It is clearly seen that for the ratios (7) the D * D * decay still dominates the spectral function, however, the decays to D s , D * s are no longer so strongly suppressed as in case of the Ψ (4040).
The production of the vector mesons inpp then can be described by Breit-Wigner resonance formation on the basis of the spectral function A(M 2 ) (1) -employing the proper kinematics -provided that the branching ofpp → V is known, where the factor 3/4 stems from the ratio of spin factors and k denotes the momentum of the p (orp) in the cms. In fact, the branching ratio is rather uncertain for the cases of interest here. Following our previous work [17] we adopt Br(pp → Ψ (3770)) ≈ 2 × 10 −4 which is very similar to the branching of the Ψ (2S) state. Due to a lack of detailed knowledge we assume this branching ratio also to hold for the Ψ (4040) and Ψ (4160). The resulting cross sections for the mesons V inpp reactions are displayed in Fig. 2 (upper part) as a function of the antiproton kinetic energy Tp in the laboratory reflecting the resonance structure (1) and the kinematics from (8).
2.2pA reactions
In order to simulate events for the reactionpA → V we use the Multiple Scattering Monte Carlo (MSMC) approach. An earlier version of this approach -denoted as Intra-Nuclear Cascade (INC) model -has been applied to the analysis of η and ω production inpA and pA interactions in Refs. [23, 24, 25, 26] . The production of the hidden charm vector resonances on nuclei then can be evaluated within the MSMC by propagating the antiproton in the nucleus and folding the elementarypp → V production cross section with the local momentum distribution 
where Γ R , M R denote the vacuum width and mass of the produced meson, whereas k F is the target Fermi momentum. This leads to factors of ∼ 0.075, 0.14 and 0.21 for Ψ (3770), Ψ (4040) and Ψ (4160) per pp reaction, respectively. On the other hand, the production on nuclei roughly scales with the target proton number as Z 0.6 (see below) such that the cross section for 12 C in the maximum for the Ψ (4160) is roughly the same as in pp annihilation, while it is lower for the narrower resonances Ψ (3770) and Ψ (4040).
Necessary parameters for a Monte Carlo (MC) simulation of rescattering are the elastic and inelastic V N scattering cross sections and slope parameters b for the differential cross sections dσ el /dt, which are approximated by
where t is the momentum transfer squared. These parameters as well as the masses of the rescattered particles determine the momentum and angular distributions of the particles in the final state. As in our previous study [17] we use b= 1 GeV
for D,D + N and V N scattering as an educated guess. Furthermore, the inelastic cross sections of the vector mesons with nucleons have to be specified. Since the relative momenta in the V − N system for rescattering are in the order of a few GeV one might use high energy geometric cross sections for the dissociation to open charm mesons. For all the three resonances studied here we adopt an inelastic cross section of 11 mb as well as σ el = 1 mb. The inelastic cross section of 11 mb is larger by about a factor of 2 in comparison to the J/Ψ, Ψ (2S) cross sections (see introduction) due to the larger size of the higher lying resonances. As mentioned above, the resonances V are propagated without any mean-field potential. This approximation should be well fulfilled since the expected potentials are only in the order of a few MeV [19] while the energy of vector mesons in the lab. frame is a couple of GeV. Furthermore, due to the high mass of the resonances we neglect any intrinsic formation time τ F for the resonances.
The resonances are propagated with their actual mass M -selected by MC according to the spectral function (1) -with velocity p V /E V and decay in time according to the differential equation
with the total width (2), while γ denotes the Lorentz γ-factor.
s is, furthermore, selected by Monte-Carlo according to the mass differential branching ratios displayed in Fig. 1 .
Due to the rather moderate collision rates involved (for σ 
For our calculations we adopt the following cross sections -taken as constants in the momentum regime of interest - 
Resonance production inpA reactions
Within the model described in Section 2 we are now in the position to calculate the cross section of the cc resonances inpA reactions for all targets of interest and can obtain the information about in-medium resonance decays (for densities ρ A ≥ 0.03f m −3 ) or vacuum decays, respectively. In this respect we show in Fig. 3 
with α = 0.55, which nicely describes the total Ψ (3770) yield. The coefficient α is less than 2/3 -as expected from the totalp annihilation cross section -due to fact that only reactions with protons can lead to uncharged resonances and the Fermi smearing is more effective in heavy than in light nuclei. The fraction of Ψ (3770), that decay to DD inside the nucleus (D ins) is only a few % in case of the 12 C target, however, reaches about 50% for the P b target. Thus for a heavy target the in-medium properties of the Ψ (3770) may well be studied experimentally by dilepton spectroscopy exploiting the dilepton branching of 7 × 10 −4 of this resonance. However, as mentioned above, a collisional broadening of its spectral function by ∼ 15 % is not expected to provide a clear signal relative to its vacuum decay unless the experimental mass resolution is in the order of 1-2 MeV.
Apart from the resonant production of open charm mesons they may also be produced directly as (cq) and (cq) pairs in pN annihilation. This channel strongly dominates in annihilation reactions on neutrons in the nucleus since the charmonium production is forbidden by charge conservation at low energy above threshold. At higher invariant energies a pion might balance the charge in the Ψ +π final channel. For our estimates we have employed the Regge-model analysis of Ref. [32] for the elementarypN → D,D cross section as also used by Sibirtsev et al. in Refs. [28, 29] . The resulting cross section of nonresonant open charm production is shown in Fig. 3 as a function of the target mass A in terms of the dashed line (D nonr) and demonstrates that the nonresonant cross section is about the same at this energy as the resonant production channel via Ψ (3770) production and decay. Thus, in-medium modifications of the Ψ (3770) will be hard to detect experimentally via the DD invariant mass spectrum (see below). In analogy to Fig. 3 we show in Figs. 4 and 5 the calculated cross section for the Ψ (4040) at T lab = 6.8 GeV and Ψ (4160) at T lab = 7.7 GeV for the targets 12 C, 64 Cu, 108 Ag and 207 P b as a function of target mass A. Due to the shorter life times of these resonances the fraction of in-medium resonance decays increases up to 65 % and 75%, respectively, for a P b-target. However, for the rescattering cross sections involved (cf. Section 2) the life times in the medium are shortened only by 8% and 5%, respectively. This very moderate change of the spectral functions due to in-medium interactions will be hard to see by dilepton spectroscopy except for setups with excellent invariant mass resolution. For the Ψ (4040) the nonresonant D,D cross section (upper dashed line; D nonr) becomes larger than the resonant cross section (solid line) due to the higher invariant energy √ s involved in the elementary reactions at T lab = 6.8 GeV. Furthermore, the resonant decays to D s ,D s are suppressed by almost 3 orders of magnitude in case of the Ψ (4040) which is not favorable for studying D s ,D s propagation in the nuclear medium. For the Ψ (4160) an even larger nonresonant contribution is expected which we do not attempt to estimate explicitly since no educated guess for the additional channelsDDπ + X is available. However, the perspectives for D s ,D s dynamics become more promising due to larger branching ratios which are a consequence of the higher invariant energy above the threshold and a more favorable matrix element. Especially for the heaviest targets almost 50% of the D s ,D s mesons from Ψ (4160) decay appear inside the nucleus such that rescattering effects can be explored. Such rescattering phenomena can also be tested for nonresonant D s ,D s production channels; however, their cross section is (at present) hard to estimate as mentioned before.
Open charm propagation and rescattering
The open charm mesons produced by resonance decay or nonresonant channels may rescatter in the nuclear medium either elastically or inelastically. In case of inelastic reaction channels In order to obtain some idea about the momenta of open charm mesons in the laboratory we display in Fig. 6 the momentum distribution of D andD mesons -after full rescattering -forp+P b at T lab = 5.7 GeV. At this energy the resonance contribution stems from the Ψ (3770); its 'outside' decay contribution is shown in Fig. 6 by the hatched area, which extends from 2.2 GeV/c to about 4.2 GeV/c. The 'inside' resonance contribution (denoted byDr and Dr, respectively) is seen to be broadened significantly by elastic scattering and charge exchange reactions showing also a sizeable net absorption of D mesons in case of the P b target of ∼ 30%. On the other hand, the D,D mesons from nonresonant production channels signal larger inmedium rescattering effects which is seen by comparison to the total D (solid line) andD (dashed line) momentum spectra. The latter phenomenon is due to the fact that rescattering of open charm mesons in case of nonresonant production channels may proceed earlier than in case of the Ψ (3770) → DD channel since the Ψ (3770) on average is propagating for a couple of fm/c before its decay. In order to quantify the observable consequences from D,D rescattering and absorption we have made a cut on the laboratory momenta P D , PD ≤ 2.2 GeV/c to exclude the vacuum decays of the Ψ (3770) and to reduce the fraction of unscattered D,D events. The calculated cross sections for resonant (l.h.s.) and nonresonant (r.h.s.) production channels are shown in Fig. 7 (upper part) for D andD mesons, respectively, as a function of the target mass A at T lab = 5.7 GeV. Even for the low momentum cut the cross sections are in the order of 50 -100 nb for heavy targets, which should be feasible at the HESR with ap luminosity of ∼ 2× 10 32 . The resulting ratio D toD mesons is displayed in the lower part of Fig. 7 for resonant (l.h.s.) and nonresonant (r.h.s.) productions separately. The constant line (=1) results trivially when including charge exchange reactions, however, discarding c-quark exchange reactions. As noted above, the D-meson absorption is larger in the nonresonant case and may reach 40% for the P b-target within the cross sections specified in Sec. 2. Vice versa, experimental data on this ratio (employing the same low momentum cut) as a function of mass A will allow to set stringent bounds on the size of the c-quark exchange cross section in the nuclear medium.
Without explicit representation we note that the perspectives of measuring D,D rescattering in heavy nuclei from the resonance decay of the Ψ (4040) are similar to the previous case discussed above and also close to the results for the Ψ (4160) s mesons which will enhance the cross section also for low momenta, respectively. It is hard to provide reliable estimates for the nonresonant contribution, but in view of Fig. 4 for T lab = 6.8 GeV this contribution might be higher by a factor 2-4 than the resonance contribution.
As shown in Fig. 9 are less promising (r.h.s, upper part). Here only cross sections of ∼ 0.1 nb should be expected for a P b target which might be enhanced due to nonresonant channels by a factor 2-4 (as estimated above). However, the relative absorption of D, D * mesons -as measured by the ratio toD,D * mesons -increases with target mass by up to 35% for A=207 (l.h.s., lower part) for the cross sections specified in Sect. 2. This decrease in the D/D ratio is roughly the same for the Ψ (4160) decays as for the Ψ (3770) decays (Fig. 7) inspite of the shorter lifetime of the Ψ (4160). This is partly due to the different cut in momentum and the fact, that the average momentum of the produced Ψ (4160) in the laboratory is higher. The ratio of D 
Summary
In this study we have explored the perspectives of measuring the dynamics of hidden charm vector mesons and open charm mesons in nuclei in antiproton induced reactions on nuclei. Such experimental studies will be possible at the high-energy antiproton storage ring HESR proposed for the future GSI facility [16] . The Multiple Scattering Monte Carlo (MSMC) calculations performed have been based on the resonance production concept with resonance properties from the PDG [21] or related estimates from high energy open charm branching ratios. We note, that these resonance properties are in line with Ψ (3770), Ψ (4040) and Ψ (4160) production from e + e − annihilation [20] , however, the detailed branching ratios for the Ψ (4040) and Ψ (4160) (cf. Fig. 1 ) are still quite uncertain. Thus our estimated uncertainty in the cross sections is in the order of a factor 2-3, which should be kept in mind when planning experiments along this line. We stress that the total branching ratios topp should be measured first with high accuracy. Deviations from our calculations for hidden charm vector mesons inpp reactions than directly carry over to the cross sections on nuclei (Fig. 2) . Nevertheless, even for a light nucleus such as 12 C cross sections from 70 -150 nb should be expected at the proper resonance energies (Fig. 2) . Our calculations suggest that the total yield of these vector mesons scales as ∼ A 0.55 with target mass A (Fig. 3) . For a heavy nucleus like P b the fraction of 'inside' decays to dileptons or D,D reaches ∼ 50% for the Ψ (3770), ∼ 65 % for the Ψ (4040) and ∼ 75% for the Ψ (3770), which is sufficient to address the question of in-medium properties of these resonances. However, for the rescattering cross sections adopted in Sect. 2, the in-medium modifications of their spectral functions is rather moderate, i.e. 15%, 8% and 5% change in width, respectively, such that a mass resolution for dilepton pairs in the order of a few MeV will be necessary. This will be also the case for in-medium mass shifts of these vector mesons which are estimated to be in the order of a few MeV, only [19] .
We have, furthermore, explored the perspectives of measuring the interactions of open charm mesons in nuclei that are produced by resonant vector meson decays or nonresonant channels, respectively. For the cross sections specified in (12) the effects of D,D rescattering and D-meson absorption in heavy nuclei can clearly be identified when imposing a low momentum cut in the laboratory of 2-2.2 GeV/c at T lab = 5.7 or 7.7 GeV, respectively. This low momentum cut excludes events with DD decays in vacuum or D,D mesons that did not rescatter in the target nucleus. The cross sections for such type of events with D orD mesons of low momenta are in the order of 50 nb for a heavy target like P b. Such cross sections are high enough to perform successful experiments with an antiproton luminosity of 2× 10 32 as envisaged for the HESR [16] . Experimentally, the ratio of D/D (at low momenta) as a function of target mass A allows to set stringent constraints on the D-meson absorption -or c-quark transfer -cross section at nuclear density ρ 0 . Furthermore, at T lab ≈ 7.7 GeV the production cross section of D 
